Nuclear pore complexes (NPCs) and kinetochores perform distinct tasks, yet their shared ability to bind several proteins suggests their functions are intertwined. Among these shared proteins is Mad1p, a component of the yeast spindle assembly checkpoint (SAC). Here we describe a role for Mad1p in regulating nuclear import that employs its ability to sense a disruption of kinetochore-microtubule interactions during mitosis. We show that kinetochoremicrotubule detachment arrests nuclear import mediated by the transport factor Kap121p through a mechanism that requires Mad1p cycling between unattached, metaphase kinetochores and binding sites at the NPC. This signaling pathway requires the Aurora B-like kinase Ipl1p, and the resulting transport changes inhibit the nuclear import of Glc7p, a phosphatase that acts as an Ipl1p antagonist. We propose that a distinct branch of the SAC exists in which Mad1p senses unattached kinetochores and, by altering NPC transport activity, regulates the nuclear environment of the spindle.
INTRODUCTION
Most molecules enter and leave the nucleus through portals in the nuclear envelope (NE) that are formed by massive macromolecular structures termed nuclear pore complexes (NPCs). Because NPCs are impermeable to most macromolecules, transport is facilitated by a group of proteins, termed nuclear transport factors (NTFs) , that traverse the central channel of the pores by interacting with NPC proteins (termed nucleoporins or Nups) containing repetitive phenylalanine-glycine (FG) repeats. These interactions are sufficient to partition NTFs into the NPC channel but are of low enough affinity to allow movement of NTFs between the many FG-containing binding sites they encounter as they escort their attached cargos through the NPC (reviewed in Wente and Rout, 2010) .
It is thought that during most constitutive nuclear transport events, NTFs primarily interact with FG repeats (reviewed in Wente and Rout, 2010) . However, other NTF binding sites lacking FG repeats have been identified in several Nups. These sites are thought to be of higher affinity and specific for individual NTFs (Fontoura et al., 2000; Lusk et al., 2002; Pyhtila and Rexach, 2003) . In Saccharomyces cerevisiae, a site present in Nup53p binds specifically to the NTF Kap121p and functions to regulate nuclear protein import mediated by Kap121p (Makhnevych et al., 2003) . In asynchronous cells, the Kap121p binding domain of Nup53p is masked by its interaction with its neighbor Nup170p. However, when cells are arrested in mitosis, NPC structural rearrangements cause the release of Nup170p from Nup53p, exposing the Kap121p binding site on Nup53p. S. cerevisiae cells undergo a ''closed'' mitosis (i.e., their NEs remain intact), and a consequence of these changing interactions is the inhibition of Kap121p-mediated protein import. Binding to Nup53p slows the movement of Kap121p and its cargo through the NPC while leaving import mediated by other NTFs unaffected.
The identification of the Kap121p transport inhibitory pathway (KTIP) is one of several observations that have established alternative functions for Nups during mitosis. Other important examples have arisen from studies in metazoan cells wherein a subset of Nups binds to kinetochores (KTs) following NE breakdown in mitosis (reviewed in Wozniak et al., 2010) . Among these are Nup358 (RanBP2) and members of the Nup107-160 subcomplex, which, intriguingly, contains members that share a domain architecture with the KT-associated RZZ (Rod:Zwilch:Zw10) complex, suggesting a shared ancestry (Civril et al., 2010) . The role of Nups during mitosis appears complex; studies suggest they function in centrosome positioning, normal spindle morphology, and KT function (reviewed in Wozniak et al., 2010) . Several lines of evidence point to a role for these proteins in the proper attachment of spindle microtubules (MTs) to KTs (Joseph et al., 2004; Platani et al., 2009; Zuccolo et al., 2007) . Molecular details that are beginning to emerge include the observations that the Nup107-160 complex plays a role in the centromeric localization of the Aurora B kinase-containing chromosome passenger complex and in the facilitation of KT-MT interactions through its association with the g-tubulin ring complex (Platani et al., 2009 : Mishra et al., 2010 .
A functional relationship between NPCs and KTs has also been inferred as a result of their shared interactions with two components of the spindle assembly checkpoint (SAC), Mad1 and Mad2, in both yeast and metazoan cells (Campbell et al., 2001; Iouk et al., 2002) . These proteins are bound to NPCs during interphase but are recruited to KTs lacking spindle MT attachments during mitosis (reviewed in Chan et al., 2005) . At unattached KTs, Mad1 and Mad2 function to propagate a metaphase arrest signal through activation of the soluble mitotic checkpoint complex (MCC), which inhibits the anaphase-promoting complex/cyclosome (APC/C) (reviewed in Musacchio and Salmon, 2007) . Here we show that the ability of yeast Mad1p to sense KT-MT detachment is also used to regulate nuclear transport during SAC arrest. We present data for a model whereby Mad1p, in response to the activity of the yeast Aurora B-like kinase Ipl1p, triggers the KTIP. Furthermore, we show that the KTIP contributes to establishing a nuclear environment that supports Ipl1p function by reducing nuclear levels of the Glc7p phosphatase.
RESULTS

Destabilization of Microtubules during Metaphase Alters Nuclear Transport
Treatment of yeast cultures with MT-destabilizing drugs (e.g., nocodazole) disrupts the mitotic spindle and its attachment to KTs, leading to activation of the SAC and metaphase arrest. In arrested cells, structural rearrangements occur within NPCs that inhibit translocation of Kap121p through the NPC and import of its cargos (Makhnevych et al., 2003) . These events are readily monitored by a loss in the nuclear accumulation of a Kap121p-specific import reporter, such as NLS Pho4 -GFP ( Figure 1A ). Using this assay, we investigated the mechanism underlying the noco- dazole-induced activation of the KTIP. We tested whether metaphase arrest, independent of depolymerization of the mitotic spindle, was sufficient for activating the KTIP. For these experiments, Cdc20p was depleted to prevent APC/C activation, which in turn induces metaphase arrest in the presence of an intact spindle (Uhlmann et al., 2000; data not shown) . Under these conditions, import of NLS Pho4 -GFP was robust, suggesting that metaphase arrest was not sufficient for activating the KTIP (Figure 1B) . However, if the Cdc20p-depleted cells were treated with nocodazole, nuclear accumulation of NLS Pho4 -GFP was lost, consistent with the inhibition of Kap121p-mediated import. In contrast, import mediated by other NTFs (Kap60p-Kap95p) was not affected ( Figure 1B , NLS SV40 -GFP). These results were consistent with the conclusion that MT depolymerization activates the KTIP. In support of this idea, we also observed that cells harboring a cold-sensitive a-tubulin mutation (tub1-729), which exhibit MT defects at the nonpermissive temperature (15 C) and arrest in metaphase (Schatz et al., 1988) , also induce the KTIP ( Figure 1C ). Moreover, inhibition of Kap121p transport appears restricted to periods of mitosis prior to chromosome segregation. Cells arrested in G1 phase, S phase, or late anaphase and then treated with nocodazole exhibit no inhibition of NLS Pho4 -GFP import ( Figure S1 available online). Thus, the signal inducing the KTIP arises as a consequence of MT destabilization during metaphase.
Loss of MT-KT Attachment Activates the KTIP Studies characterizing the tub1-729 mutant reported that the mutant protein destabilized KT-MT interactions, leading to KT detachment (Abruzzi et al., 2002) . Therefore, we investigated whether KT detachment from MTs, rather than a global depolymerization of MTs, activates the KTIP. To test this idea, we examined the phenotype of two mutants, ask1-2 and ndc80-1, that functionally compromise the outer KT complexes DAM/ DASH and Ndc80p. At the nonpermissive temperature (37 C), these mutants exhibit KT detachment from spindle MTs, recruitment of Mad1p to KTs ( Figure S2 ), and SAC-dependent metaphase arrest (Pinsky et al., 2006a) . Importantly, import of the Kap121p cargo, but not the Kap60p-Kap95p cargo, was inhibited (Figures 2A and 2B) .
The KTIP was also examined in a mcd1-1 cohesin mutant at the nonpermissive temperature ( Figure 2C ). This mutant was examined because it indirectly induces KT-MT detachment without disrupting KT structure. At the nonpermissive temperature, sister-chromatid cohesion is lost, leading to a loss of tension at the KT-MT interface (Michaelis et al., 1997) . In the absence of KT-MT tension, the Aurora B-like kinase Ipl1p induces KT detachment, and SAC-mediated M phase arrest occurs (Pinsky et al., 2006a) . Accordingly, we find that Mad1p is recruited to KTs in mcd1-1 cells at the nonpermissive temperature ( Figure S2 ). Under these conditions, we also observed activation of the KTIP and inhibition of NLS Pho4 -GFP reporter import ( Figure 2C ). Together, these data indicate that KT detachment from MTs is sufficient for KTIP activation.
Mad1p
Activates the KTIP Conditions that disrupt KT-MT interactions induce the SAC and metaphase arrest. Two key players in the SAC, Mad1p and Mad2p, are bound to NPCs in interphase (Campbell et al., 2001; Iouk et al., 2002) . In yeast, when the SAC is active, Mad1p is partitioned between NPCs and KTs, whereas Mad2p is only detected at KTs. These observations led us to examine the role played by the SAC and, more specifically, Mad1p and Mad2p in the KTIP. For these experiments, import of the NLS Pho4 -GFP reporter was monitored in metaphase-arrested cells lacking Mad1p or Mad2p following nocodazole-induced disruption of KT-MT interactions. The strain backgrounds used included a P MET3 -CDC20 gene, allowing metaphase arrest despite the absence of Mad1p or Mad2p and a functional SAC. Both the P MET3 -CDC20 mad1D and P MET3 -CDC20 mad2D mutants, arrested by depletion of Cdc20p, exhibited robust import of the NLS Pho4 -GFP reporter similar to that of their wild-type (WT) counterpart (P MET3 -CDC20; Figure 3A ). When MTs were disrupted (+nocodazole) in arrested P MET3 -CDC20 cells, the KTIP was induced, and nuclear levels of NLS Pho4 -GFP decreased. Similarly, MT disruption activated the KTIP, and import was inhibited in a strain lacking Mad2p (P MET3 -CDC20 mad2D). Of note, Mad1p is localized to KTs in these cells ( Figure S3 ). However, nocodazole treatment of P MET3 -CDC20 mad1D cells did not alter Kap121p-mediated import, because the NLS Pho4 -GFP reporter remained concentrated in the nucleoplasm ( Figure 3A ). Based on these results, we concluded that Mad1p, but not Mad2p, is required for the KTIP.
Our observation that the KTIP can function in the absence of Mad2p while requiring Mad1p suggests that Mad1p signals the presence of unattached KTs to NPCs through a mechanism that is independent of the Mad1p/Mad2p complex and the Mad2p-containing MCC. Thus, we investigated whether ectopic activation of the SAC, in the presence of intact KT-MT attachments, would trigger inhibition of Kap121p-mediated import. This was accomplished by overproduction of the SAC kinase Mps1p, which induces a SAC arrest independent of mitoticspindle depolymerization (Hardwick et al., 1996) . Mps1p overproduction stimulates recruitment of Mad1p to bioriented, attached KTs (see Figure 5B ) and Mad1p/Mad2p-dependent inhibition of the APC/C. Strikingly, cells arrested by the overproduction of Mps1p showed no inhibition of NLS Pho4 -GFP import ( Figure 3B ). However, when these arrested cells were treated with nocodazole for inducing KT-MT detachment, nuclear accumulation of NLS Pho4 -GFP was inhibited. These results support the conclusion that unattached KTs trigger a distinct function for Mad1p in the activation of the KTIP.
KTIP Requires Mad1p Association with NPCs and KTs
To determine how Mad1p communicates the existence of unattached KTs to NPCs, we investigated the relevance of its dual Strains containing the mutation ask1-2 (A), ndc80-1 (B), or mcd1-1 (C) and synthesizing NLS Pho4 -GFP or NLS SV40 -GFP were grown at 23 C and then shifted to the nonpermissive temperature (37 C) for 2.5 hr. Localization of the transport reporters was determined via epifluorescence microscopy (left panels). Nuclear/cytoplasmic fluorescence intensity ratios were determined for each reporter at the indicated times after a shift to 37 C (right panels; n R 50 cells). Error bars express standard error. association with KTs and NPCs. We tested the effects of mutations that alter the association of Mad1p with either structure on the KTIP. An N-terminal region of Mad1p (residues 1-325) binds the NPC, whereas a C-terminal region (residues 475-749) binds to KTs and is functional in the SAC ( Figure 4A ; Scott et al., 2005) . This modular organization of Mad1p allowed us to test the function of each region in the KTIP. We tested the function of individual fragments in a P MET3 -CDC20 mad1D mutant background to allow uniform metaphase arrest. Unlike full-length Mad1p, we observed that neither mad1 1-325 nor mad1 was capable of rescuing the KTIP defect of a mad1D mutant (Figure 4B) . Although the C terminus alone is insufficient, the likelihood that this KT-binding domain of Mad1p was required for production of a signal necessary to activate the KTIP seemed high; thus, we examined the function of a shorter N-terminal deletion, mad1 , that begins to encroach on the NPC binding regions of Mad1p. mad1 318-749 binds directly to Nup53p (Scott et al., 2005) , a key component of the KTIP, but it lacks a region within residues 1-325 that mediates the interaction of Mad1p with a second NPC-associated site formed by Mlp1p and Mlp2p ( Figure S4 ; Scott et al., 2005 ; also see Lee et al., 2008; De Souza et al., 2009; Lince-Faria et al., 2009) . As shown in Figure 4B , the introduction of mad1 318-749 into the mad1D strain led to restoration of the KTIP. Thus, a Mad1p fragment capable of binding KTs and Nup53p, but not the Mlp proteins, was both necessary and sufficient for the KTIP. Although the role of Mad1p in the KTIP can be uncoupled from its interactions with the Mlp proteins, the interaction of Mlp proteins with Mad1p, coupled with their positioning near Nups that function in the KTIP (Scott et al., 2005) , prompted an examination of their role in the KTIP. We tested Kap121p-mediated import in an mlp1D mlp2D mutant strain prior to and following nocodazole-induced SAC arrest. As shown in Figure 4C , the loss of Mlp proteins abolished the KTIP, given that no inhibition (A) P MET3 -CDC20 (WT), P MET3 -CDC20 mad1D (mad1D), and P MET3 -CDC20 mad2D (mad2D) strains synthesizing the NLS Pho4 -GFP reporter were grown in media lacking methionine (ÀMet).
Methionine was added to these cultures either alone (+Met) or with nocodazole (+Met +Noc) and incubated for 2.5 hr prior to analysis.
(B) Cultures of P GAL1 -MPS1 cells were grown in raffinose media (+Raf). Galactose was then added, and the cells were incubated for 3 hr for inducing Mps1p-mediated metaphase arrest. Cultures were then maintained in galactose-containing media for an additional 1 hr in the absence (+Gal) or presence of nocodazole (+Gal +Noc). Localization of the indicated reporters was determined via epifluorescence microscopy (left panels), and the nuclear/cytoplasmic fluorescence intensity ratios were calculated (right panels; n R 50 cells). Error bars express standard error.
of transport was detected in nocodazole-arrested mlp1D mlp2D mutant cells. Moreover, we observed that the mislocalization of the Mlp proteins from the NPC was also sufficient to block the KTIP. In the absence of Nup60p, the Mlp proteins fail to associate with NPCs, and they concentrate at a single focus in the nucleoplasm (Feuerbach et al., 2002; Scott et al., 2005 ; Figure S4 ). Treatment of nup60D mutant cells with nocodazole induced a SAC-dependent arrest, but no inhibition of Kap121p-mediated transport was observed ( Figure 4C ). Cumulatively, our data support a model in which the KTIP requires the association of Mad1p with both NPCs and unattached KTs, as well as the positioning of the Mlp proteins at the NPC.
Mad1p Cycling between NPCs and KTs Is Required for KTIP Activation
Previous work showed that Mad1p cycles between NPCs and unattached KTs in SAC-arrested cells . The movement of Mad1p between these platforms could serve to transduce a signal from unattached KTs that alters NPC function. To determine whether activation of the KTIP required Mad1p cycling, we took advantage of the observation that Mad1p turnover requires the nuclear transport factor Xpo1p. A point mutation in this transport factor, xpo1 T539C , renders it inactive in the presence of the antifungal leptomycin B (LMB). The addition of LMB to nocodazole-arrested xpo1 T539C cells rapidly inhibits Mad1p
cycling, but it does not disassociate Mad1p from NPCs or unattached KTs ; data not shown). Thus, we tested the effect of LMB on the localization of the NLS Pho4 -GFP reporter in nocodazole-arrested xpo1 T539C cells wherein the KTIP was activated. Strikingly, LMB treatment induced the nuclear accumulation of the NLS Pho4 -GFP reporter ( Figure 5A ). These observations are consistent with the idea that Mad1p cycling between NPCs and detached KTs is necessary for the KTIP.
A link between Mad1p cycling and activation of the KTIP was also detected in cells overproducing Mps1p. As described above, overexpression of MPS1 induces a SAC-mediated mitotic arrest. In these arrested cells, we observed Mad1p at bioriented, MT-attached KT foci and at NPCs ( Figure 5B , +Gal [galactose] ÀNoc [nocodazole]), but the KTIP was not activated ( Figure 3B ). When the turnover of KT-bound Mad1-GFP was assessed in these cells, fluorescence recovery after photobleaching (FRAP) revealed little or no recovery of the Mad1-GFP signal ( Figures 5C and 5D) . Thus, the lack of Mad1p turnover at KTs coincided with an inability to activate the KTIP. We further evaluated this relationship by treating the Mps1p-arrested cells with nocodazole. These conditions disrupt KT-MT interactions, leading to the collapse of the biorientated KTs into a single focus ( Figures 5B and 5C ) and activation of the KTIP ( Figure 3B ). Importantly, FRAP analysis showed a corresponding increase in Mad1-GFP turnover at KTs ( Figure 5D ). Mean fluorescence recovery occurred with a t 1/2 of $30 s, similar to previously reported observations in nocodazole-arrested cells (t 1/2 = 33 s; Scott et al., 2009 ). These results further reveal a correlation between the movement of Mad1p between NPCs and KTs and the activation of the KTIP.
Ipl1p Function Is Necessary for Activation of the KTIP KT-associated Ipl1p is thought to respond to the loss of intra-KT tension by phosphorylating outer KT components and destabiliz- 
Pho4
-GFP strains containing a plasmid that expresses MAD1 or a mad1 truncation (mad1 1-325 , mad1 , or mad1 ) were used for evaluation of the KTIP function of specific Mad1p domains. Cells were grown in media lacking methionine (ÀMet) followed by the addition of methionine alone (+Met) or methionine plus nocodazole (20 mg/ml) (+Met +Noc) for 2.5 hr prior to analysis. (C) WT, nup60D, and mlp1D mlp2D strains synthesizing NLS
-GFP were grown to mid-log phase (ÀNoc) then treated with nocodazole for 2.5 hr (+Noc). Reporter localization was assessed via epifluorescence microscopy (left panels), and the nuclear/cytoplasmic fluorescence intensity ratios were calculated (right panels; n R 50 cells). Error bars express standard error.
ing KT-MT interactions (reviewed in Maresca and Salmon, 2010) . This function of Ipl1p contributes to the severing of defective KT-MT attachments (Pinsky et al., 2006a; Shimogawa et al., 2009 ). The conditions we have used to activate the KTIP, including mutants such as ask1-2 and ndc80-1 (Figures 2A and  2B ), are also thought to invoke Ipl1p activity for facilitating the disruption of KT-MT interactions leading to SAC arrest (Pinsky et al., 2006a) . Therefore, we investigated whether Ipl1p was required for the KTIP using the temperature-sensitive ipl1-321 mutant. Nocodazole treatment of the ipl1-321 cells induced a metaphase arrest (data not shown), similar to previous reports (Biggins and Murray, 2001) , that results in Mad1p targeting to detached KTs ( Figure 6A ). In these arrested cells, we also examined the localization of the NLS Pho4 -GFP reporter prior to and following a shift to 37 C ( Figure 6B ), thus, under conditions that induce KT-MT detachment and partially (23 C) or fully (37 C) inactivate the ipl1-321 protein. Unlike in WT cells, the KTIP was inactive in cells containing the ipl1-321 mutation, and they continued to import the NLS Pho4 -GFP reporter, suggesting that the Ipl1p kinase is required for the KTIP.
The KTIP Regulates the Nuclear Levels of Glc7p during SAC Arrest We hypothesize that the KTIP contributes to spindle function and chromosome segregation under conditions in which these events are challenged and the SAC is activated. The influence of the KTIP on these events is presumed to occur through changes in the nuclear concentration of Kap121p and its cargos during SAC arrest. We have attempted to define candidate cargos as a step toward uncovering the contributions of the KTIP to 
-GFP xpo1 T539C strains were grown to mid-log phase (ÀNoc) and then treated with nocodazole (+Noc) for 2.5 hr. LMB was added, and the cultures were incubated an additional 0.5 hr (+Noc +LMB). Under each growth condition, reporter localization was assessed via epifluorescence microscopy, and the nuclear/cytoplasmic fluorescence intensity ratios were calculated (bottom panel; n R 50 cells). Error bars express standard error.
(B) Cells containing the P GAL1 -MPS1 cassette and producing Mad1-GFP and the KT marker Mtw1-RFP were grown in raffinose media (+Raf) to the mid-log phase. Galactose was added to the culture, and cells were incubated for 3 hr. The culture was then split and incubated for an additional 1 hr in the absence (ÀNoc) or presence ( mitotic progression. We targeted the protein phosphatase Glc7p based on several observations: (1) genetic analysis has uncovered a functional interaction between Glc7p and Nup53p (Logan et al., 2008) , a key component of the KTIP machinery; (2) Glc7p contains a putative Kap121p NLS and is concentrated in the nucleus of asynchronous cells; (3) Glc7p is an antagonist of Ipl1p function (reviewed in Lesage et al., 2011) ; and (4) mutations that reduce nuclear levels of Glc7p rescue growth of ipl1 ts mutants (Bharucha et al., 2008; Pinsky et al., 2006b; Tatchell et al., 2011) . Using Glc7-GFP and cells containing the kap121-34 temperature-sensitive allele, we showed that nuclear accumulation of Glc7p was dependent on Kap121p ( Figure S6 ). Importantly, activation of the KTIP also leads to a decrease in nuclear levels of Glc7-GFP, and this inhibition of import is dependent on Mad1p ( Figures 7A, 7B , and S6). Dephosphorylation of KT proteins by Glc7p promotes KT-MT association, whereas phosphorylation of KT proteins by Ipl1p during SAC arrest induces a state of MT detachment that ultimately contributes to bipolar spindle attachment (Akiyoshi et al., 2009a; Pinsky et al., 2006a and 2006b; Sassoon et al., 1999) . The reduced nuclear concentration of Glc7p arising from KTIP activation is predicted to attenuate its antagonistic effects on Ipl1p activity and thus promote KT-MT detachment. Thus, we hypothesized that the KTIP supports Ipl1p function, and mutations that compromise the KTIP (e.g., nup53DKBD; Makhnevych et al., 2003) would exhibit MT-related phenotypes similar to mutations in Ipl1p (e.g., ipl1-321). In this regard, we observed that the ipl1-321 mutant cells grow more efficiently than WT cells on media containing benomyl (a MT-destabilizing drug) at semipermissive temperatures for growth ( Figure 7C ), an observation consistent with an increased stability of KT-MT interactions in the absence of fully functional Ipl1p. Examination of nup53DKBD cells revealed a similar benomyl-resistant phenotype ( Figure 7C ). When we examined a nup53DKBD ipl1-321 double mutant at 25 C, we observed that the mutations had an additive effect; the double mutant showed greater benomyl resistance than either of the single mutants ( Figure 7C) . However, at elevated temperatures (30 C) that further compromised ipl1-321 function, the benomyl resistance of the single ipl1-321 mutant approaches that of the double mutant; i.e., the contribution of the nup53DKBD mutation to the benomyl resistance of the double mutant was no longer detected ( Figure 7C ). One explanation for these results is that the benomyl resistance conferred by the nup53DKBD mutation is linked to Ipl1p function. These results are consistent with the loss of KTIP function antagonizing Ipl1p function, potentially through an increased nuclear concentration of Glc7p ( Figure 7B ). This model predicts that mutations compromising Glc7p function would suppress the benomyl-resistant phenotype of the nup53DKBD mutant. Indeed, we observed that a glc7-10 mutation largely eliminated the benomyl-resistant phenotype associated with the nup53DKBD mutation ( Figure 7D ).
DISCUSSION
NPCs bind several proteins with no previously defined role in nuclear transport; among these are Mad1p and Mad2p. Here we report that, during mitosis, the transport properties of NPCs are regulated by the state of KT-MT interactions. Conditions that disturb KT-MT interactions and foster Ipl1p-mediated phosphorylation of KT-associated proteins induce Xpo1p-dependent cycling of Mad1p between KTs and NPCs. These events initiate changes in NPCs that inhibit Kap121p-mediated import (see the model in Figure S7 ). Mad1p performs this function through a signaling mechanism independent of Mad2p and the MCC but dependent on Ipl1p. Furthermore, we show that the KTIP contributes to establishing a nuclear environment that supports Ipl1p function by reducing nuclear levels of the Glc7p phosphatase.
NPCs and KTs are generally viewed as separate macromolecular platforms that perform distinct biological functions. However, observations made over a number of years imply that C in the absence of nocodazole (À) or after treatment with nocodazole for 2 hr. Cells arrested with nocodazole were also examined following incubation at 37 C for an additional 0.5 hr (2.5 hr total). Arrows indicate the position of overlapping Mad1-GFP and Mtw1-mCherry foci. (B) Import of the NLS Pho4 -GFP reporter was also examined using epifluorescence microscopy in WT and ipl1-321 cells. Cells were grown at 23 C in the absence (À) or presence of nocodazole for the indicated times. Cultures treated for 2 hr with nocodazole were also shifted to 37 C for an additional 0.5 hr for further inhibition of ipl1-321 function (2.5 hr total). Nuclear/cytoplasmic fluorescence intensity ratios for NLS Pho4 -GFP were determined under each condition (n R 50 cells). Error bars express standard error. certain proteins, originally thought to function exclusively within one structure, play a role in the workings of both. For example, vertebrate NPCs are disassembled during mitosis, and various Nups are recruited to KTs, where they participate in KT-MT interactions (see Introduction). In addition, Mlp-like proteins positioned on the nuclear face of NPCs during interphase are associated with a mitotic spindle matrix, and possibly KTs, of various organisms that undergo an open or partially open mitosis, including humans, Drosophila, and Aspergillus nidulans (De Souza et al., 2009; Lee et al., 2008; Lince-Faria et al., 2009) . Here, as in interphase, the Mlp-like proteins are capable of binding Mad1 and Mad2. Thus, it has been proposed that they may establish a ''fence'' or ''barrier'' that assists in maintaining a higher concentration of Mad1 and Mad2 in the vicinity of KTs and, therefore, contribute to a robust SAC. Nups have also been detected in a spindle-matrix fraction; however, their function at this locale has not been established (Ma et al., 2009; Zheng, 2010) . In S. cerevisiae, Mlp proteins, Nups, and Mad1p associated with an intact NE during mitosis (i.e., closed mitosis) are likely to function analogously to the spindle matrix with the added topological constraints provided by the NE membrane. 
KTIP Regulates Nuclear Import of Glc7p
The subcellular distribution of Glc7-GFP was examined in an ndc80-1 strain (A) as well as in ndc80-1 P MET3 -CDC20, ndc80-1 P MET3 -CDC20 mad1D, and ndc80-1 P MET3 -CDC20 mad2D (B) strains using epifluorescence microscopy. (A) A mid-log-phase culture was shifted from 23 C to 37
C and incubated at the nonpermissive temperature for the indicated time.
(B) Cultures of the indicated ndc80-1 P MET3 -CDC20-based strains (ÀMet) were arrested by addition of methionine (+Met). Each culture was then split in half and either maintained at 23 C or shifted to 37 C for an additional 2.5 hr. Note that the bright fluorescent foci detected following KTIP-dependent nuclear exclusion of Glc7-GFP have also been seen in other studies wherein the inhibition of nuclear accumulation of Glc7p was documented (Bharucha et al., 2008; Tatchell et al., 2011) . These foci remain undefined. Nuclear/ cytoplasmic fluorescence intensity ratios for Glc7-GFP were determined under each condition (n R 50 cells). Error bars express standard error. In this context, Mad1p, through its interaction with NPCs, is positioned to regulate nuclear transport and the access of molecules to the spindle and chromosomes. We have shown that Mad1p regulates Kap121p-mediated nuclear import by activating the KTIP in response to disruption of KT-MT attachments (Figures 1 and 2 ). Under these conditions, Mad1p and Mad2p are bound to unattached KTs and the SAC is active (Gillett et al., 2004) . Moreover, Mad1p is also detectable at NPCs, and FRAP experiments have shown that Mad1p is capable of exchanging between NPC-and KT-bound pools via a mechanism that uses the exportin Xpo1p . We have made several observations that lead us to conclude that this cycling phenomenon is required for inhibiting Kap121p-mediated transport. If Mad1p is mutated to disrupt its binding to NPCs or unattached KTs (Figure 4) , or if its cycling is inhibited by blocking Xpo1p function, the KTIP is arrested (Figure 5) . A correlation between Mad1p cycling and activation of the KTIP is also revealed in cells overexpressing MPS1. Mps1p overproduction induces a SAC-dependent metaphase arrest, and Mad1p is visible at both NPCs and KTs, but we detect no turnover of Mad1p at KTs ( Figure 5 ) and, importantly, no activation of the KTIP (Figure 3 ). Only after KT-MT interactions are disrupted in these cells is Mad1p turnover initiated and the KTIP activated ( Figure 5 ). In the aggregate, these results lead us to propose that the cycling of Mad1p between unattached KTs and NPCs propagates the signal responsible for modifying the transport properties of the NPC; it is not, however, necessary for SAC-mediated cell-cycle arrest, as the latter occurs in the absence of Mad1p cycling ( Figure 5 ; Scott et al., 2009) .
The role of Mad1p in sensing the state of KT-MT interactions and regulating the KTIP is also distinct from its well-established function as a member of the Mad1p/Mad2p complex. This conclusion is supported by data showing that a mutant lacking Mad2p possesses a functional KTIP (Figure 3 ). This is in sharp contrast to the essential role of Mad2p in the SAC and the requirement for its interaction with Mad1p in the formation of the MCC (consisting of Mad2p, Cdc20p, Mad3p, and Bub3p) that suppresses APC/C activity (see Musacchio and Salmon, 2007) . This function for the Mad1p/Mad2p complex is invoked during SAC arrest induced by MPS1 overexpression, but it does not suffice for activating the KTIP (Figure 3) . It is only after disruption of KT-MT interactions in these cells that the KTIP is activated (Figure 3 ) and the separate functional role of Mad1p revealed. Further support for this conclusion comes from the identification of truncations of Mad1p (mad1 ) capable of supporting SAC arrest but unable to activate the KTIP (Figure 4) .
At the NPC, the KTIP is executed through structural changes in the NPC (Makhnevych et al., 2003) . Key steps are the release of Nup53p from its neighbor Nup170p, allowing Nup53p to bind Kap121p, which, in turn, inhibits movement of Kap121p and its cargo into the nucleus. Our data lead us to conclude that a previously detected interaction between Mad1p and Nup53p (Scott et al., 2005) forms the mechanistic basis for activation of the KTIP. This idea is supported by our results showing that a C-terminal fragment of Mad1p (mad1 ), capable of binding Nup53p and KTs (Scott et al., 2005) , can support the KTIP (Figure 4) . By contrast, the mad1 318-749 truncation shows a decreased ability to bind the Mlp proteins, a known binding site for Mad1p at the NPC (Scott et al., 2005;  Figure S4 ), suggesting Mad1p binding to the Mlp proteins is not a requirement for the KTIP. Irrespective of their interactions with Mad1p, the Mlp proteins are required for the KTIP (Figure 4) . We speculate that their function in the KTIP occurs through an ability to modulate NPC structure independent of their interactions with Mad1p. Consistent with this idea, Mlp1p and Mlp2p interact with Nup170p (Scott et al., 2005) , a key Nup involved in the KTIP. Moreover, Mlp proteins appear to undergo physical change during SAC arrest. For example, MPS1 overexpression induces the dispersion of Mlp protein clusters present in the nucleoplasm of nup60D cells, implying that Mlp proteins are modified under conditions of SAC arrest ( Figure S5 ). We would suggest that these modifications of the Mlp proteins contribute to changing their interactions with Nup binding partners. It is our working model that concerted changes in the interactions of Mad1p and the Mlp proteins with Nups drive changes in the transport properties of the NPC. Defining the nature of these molecular interactions and, more globally, changes in NPC structure in SAC-arrested cells will be of particular interest in future studies.
Activation of the KTIP occurs following disruption of KT-MT interactions, suggesting this pathway contributes to fostering a nuclear environment that facilitates the reorganization and proper assembly of the KT-MT interface. Consistent with this concept, activation of the KTIP is functionally linked to KT-bound Ipl1p (Figure 6 ). This kinase contributes to SAC arrest and senses the loss of intra-KT tension resulting from improper spindle attachment (Pinsky et al., 2006a) . Ipl1p promotes correction of these errors by phosphorylating various KT proteins, inducing their detachment from spindle MTs (reviewed in Lampson and Cheeseman, 2011) . Thus, conditions that promote Ipl1p-mediated phosphorylation also elicit the KTIP. Importantly, in analyzing an ipl1-321 mutant, we observed that, although this mutant is capable of sustaining SAC arrest (Biggins and Murray, 2001) , including events such as Mad1p recruitment to KTs, these cells failed to support the KTIP (Figure 6 ). How Ipl1p contributes to the KTIP is unclear. We speculate that Ipl1p could phosphorylate Mad1p or a binding partner in a manner that supports Mad1p cycling and interactions with the NPC necessary for altering Kap121p-mediated import. Though Mad1p phosphorylation by Ipl1p has not as yet been described, this event seems plausible, given that Mad1p binding to unattached KTs is likely to occur near Ndc80p, a known target of Ipl1p (Akiyoshi et al., 2009b; Martin-Lluesma et al., 2002) .
The correlation between KT-bound Ipl1p activity and the ''on'' state of the KTIP led us to conclude that the latter supports Ipl1p function. In support of this hypothesis, we have shown that during SAC arrest the KTIP prevents nuclear accumulation of the phosphatase Glc7p, an antagonist of Ipl1p function (Figure 7) . A link between SAC arrest and the loss of nuclear accumulation of Glc7p was also reported by Tatchell and colleagues (Bharucha et al., 2008) . They showed that mutations in Ypi1p, a protein suggested to regulate Glc7p function, elicit a SAC-dependent cell-cycle arrest, decrease nuclear levels of Glc7p, and suppress an ipl1 ts mutant. The role of the KTIP in these observations has not been explored, but its involvement in the observed phenotypes seems probable. We envisage that reduced nuclear levels of Glc7p established by the KTIP create an environment conducive to maintaining the phosphorylation state of Ipl1p targets. In support of this idea, the loss of KTIP function and the resulting increase in nuclear levels of Glc7p detected in a mad1D mutant (Figures 7 and S6 ) correspondingly lead to increased dephosphorylation of histone H3, a target of Glc7p, when these cells are arrested in metaphase and treated with nocodazole ( Figure S6D) . The relationship between Ipl1p, Glc7p, and the KTIP is further supported by functional interactions between various mutants. Compromised Ipl1p function leads to the accumulation of hyperstable KT-MT attachments (Cimini et al., 2006; Pinsky et al., 2006b) , and, consistent with this, we observed that ipl1-321 mutant cells appear more resistant to MT-destabilizing drugs and grow more robustly than WT cells in their presence (Figure 7) . A similar phenotype is also detected in a nup53DKBD mutant, whose only known defect is the loss of the KTIP (Makhnevych et al., 2003) . We postulated that increased nuclear Glc7p caused by the nup53DKBD mutant during SAC arrest would explain the phenocopy of the ipl1-321 mutant. Consistent with this idea, we observed that the benomyl-resistant phenotype of the nup53DKBD mutant is dependent on Glc7p (Figure 7) . These results further support a mechanistic link between the control of Kap121p-mediated import and Ipl1p function.
It is also of note that a recent manuscript reported a physical interaction between Ipl1p and Kap121p, providing evidence for a complex containing Ipl1p, three previously identified Ipl1p interactors, and Kap121p (Breitkreutz et al., 2010) . The functional significance of this observation remains to be clarified, in that our data implies Ipl1p is not an import cargo of Kap121p (data not shown). As we have seen in this study and others, Kaps can function in roles outside of nuclear transport (e.g., Xpo1p acting as a signal transducer as shown here and in Scott et al., 2009 ; see also Harel and Forbes, 2004; Roscioli et al., 2012) , and it will be of interest to determine whether Kap121p plays multiple roles in Ipl1p function.
In addition to its role in supporting Ipl1p activity, it seems plausible that the KTIP contributes to additional processes during SAC arrest. All Kap121p cargos are predicted to be affected by the KTIP. However, at present, the Kap121p cargo inventory is almost certainly incomplete (Breitkreutz et al., 2010; Krogan et al., 2006; Leslie et al., 2004) , leaving the list of potential functions that could be influenced by the KTIP unclear. Based on the observation that the KTIP is not required for SAC arrest, at least within the parameters we have used to examine its function, whatever role this pathway plays, it is likely to be at least partially redundant. This is not unusual for nuclear transport pathways, given that multiple factors, including both importins and exportins, often contribute to the localization of proteins. The processes that control the localization of Cdh1p underscore this idea. Cdh1p, which regulates the activity of the APC/C, is imported into the nucleus by Kap121p during the G1-S phase (Jaquenoud et al., 2002) . However, phosphorylation-induced export mediated by the Kap Msn5p drives Cdh1p into the cytoplasm during the G2-M phase, where it is sequestered away from the APC/C. Thus, in SAC-arrested cells, exclusion of Cdh1p from the nucleus is probably enhanced by Msn5p-mediated export and the KTIP.
Through our characterization of the KTIP, we have uncovered an interwoven relationship between KTs, Mad1p, and NPCs and established a functional relationship between Kaps that implicates Xpo1p in the regulation of Kap121p-mediated import ( Figure 5 ). We have shown that Mad1p can detect the assembly state of the KT-MT interface and, in response to and support of Ipl1p signaling, influence the structure and function of the NPC. We envisage that similar functional relationships are conserved throughout eukaryotes, including those undergoing open mitosis. Binding of Mad1 to both KTs and NPCs (including to mammalian Nup53; Hawryluk-Gara et al., 2005) , as well as the interactions of Xpo1 (Crm1; Joseph et al., 2004) with KTs, is conserved in vertebrates. Although open mitosis and disassembly of the NE in these organisms would preclude the need for transport regulation during metaphase, Mad1p is recruited to KTs in early prophase, prior to NPC and NE disassembly that occurs in late prophase (Campbell et al., 2001; Chi et al., 2008; reviewed in Gü ttinger et al., 2009 ). Thus, a role for Mad1 in the regulation of nuclear transport is plausible in early mitosis. It is also intriguing to consider that the functions we have uncovered for yeast Mad1p in modulating Nup-Nup and Nup-Kap interactions could be used to regulate other aspects of NPC biology, among these, coordinating an arrest of NPC assembly until the SAC is satisfied.
EXPERIMENTAL PROCEDURES Yeast Strains and Media
Yeast strains are listed in Table S1 , and growth conditions used are described in the Supplemental Experimental Procedures.
Plasmids and DNA Manipulations
Plasmids used in this study are listed in Table S2 . For details of their use, see the Supplemental Experimental Procedures.
Fluorescence Microscopy
All live-cell images of GFP-or RFP-tagged fusion proteins were acquired using either an epifluorescence or confocal microscope. For details, see the Supplemental Experimental Procedures.
FRAP experiments for Mad1-GFP were done using a confocal microscope (LSM 510 META) as previously described for GFP-Tub1 (Ptak et al., 2009 ). For details, see the Supplemental Experimental Procedures.
Image Analysis and Signal Quantification
Quantification of NLS-GFP nuclear/cytoplasmic fluorescence intensity ratios was carried out using ImageJ software. The average ratios were plotted in a bar graph, and the variability between individual cells was expressed as SEM. For details, see the Supplemental Experimental Procedures.
Immunoblotting
Procedures for immunoblotting from whole-cell extracts were performed as previously described (Lusk et al., 2007) . For details, see the Supplemental Experimental Procedures.
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